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Introduction
============

The mitotic spindle, a highly dynamic structure composed of microtubules and associated proteins, is essential for chromosome segregation during mitosis. Temporal and spatial coordination of spindle-associated proteins regulates many aspects of this structure including centrosome separation, formation and maintenance of bipolarity, and the alignment and segregation of the chromosomes (for review see [@bib38]). Spindle proteins can be divided into three groups, microtubule-based motor proteins, microtubule-destabilizing factors, and nonmotor microtubule-associated proteins (MAPs),[\*](#fn1){ref-type="fn"} mostly having a role in the stabilization of microtubules.

The role of multiple microtubule motors in spindle assembly has been the subject of intense investigation (for review see [@bib15]). Pioneering work in budding yeast showed that disruption of the balance of kinesin motors resulted in rapid collapse of the spindle ([@bib34]). Subsequent studies in *Drosophila* embryos have shown that spindle assembly, maintenance, and elongation depend upon the coordinated activity of motors including bipolar kinesins, COOH-terminal kinesins, and cytoplasmic dynein ([@bib37]). Dynein is thought to anchor astral microtubules to the cell cortex and, through its minus end--directed motor activity, maintain spindle pole positioning and promote spindle elongation. Dynein also localizes to kinetochores during mitosis ([@bib31]) and might be involved in chromosome segregation during anaphase ([@bib39]).

More recently, significant advances have been made in analyzing the function of nonmotor MAPs like the conserved Dis1-TOG family (for review see [@bib28]). These MAPs have been shown to localize mainly to the centrosomes and spindle microtubules during mitosis. Biochemical studies have shown that Dis1-TOG proteins promote microtubule stability by stimulating growth at the plus end. Genetic analysis indicated that they are required for spindle organization and might regulate the balance of forces during the metaphase--anaphase transition. A more direct role in the stabilization of microtubule--kinetochore interactions has also been proposed for the *Schizosaccharomyces pombe* homologue Dis1, as well as for its *Saccharomyces cerevisiae* homologue Stu2p ([@bib7]; [@bib11]; [@bib26]). These proteins associate transiently with kinetochores during mitosis, however, only Dis1 appears to bind kinetochores independently of microtubules. The failure of sister chromatid separation observed in *dis1* and *STU2* mutant cells has been associated with defects in the formation/stabilization of kinetochore microtubules. Fission yeast contain a second highly related protein, Alp14, that is required not only for overall microtubule assembly but also for the spindle assembly checkpoint ([@bib36]; [@bib7]; [@bib27]). Experiments in *S. cerevisiae* have shown that kinetochore assembly is required for checkpoint function ([@bib9]), and it is possible that Alp14 may mediate the microtubule attachment to kinetochores that is monitored by the checkpoint.

Multiple asters (MAST)/Orbit defines another emergent family of nonmotor MAPs that contains an NH~2~-terminal domain also present in the Dis1-TOG family ([@bib16]; [@bib20]). The MAST/Orbit family includes the human and mouse CLASPs ([@bib2]) and *S. cerevisiae* Stu1p ([@bib29]). One homologue in *S. pombe* and three in *Caenorhabditis elegans* were also identified by sequence similarity but remain uncharacterized ([@bib20]). Although no mitotic function has yet been described for CLASPs, these proteins were identified by their capacity to bind CLIP-170, a protein originally identified through its ability to link endocytic vesicles to microtubules ([@bib30]), and later shown to localize to kinetochores of prometaphase chromosomes ([@bib6]). MAST/Orbit and Stu1p are essential for spindle assembly ([@bib29]; [@bib16]; [@bib20]). During mitosis, MAST is localized to the mitotic spindle, centrosomes, and kinetochores, accumulates in the central spindle region, and ultimately concentrates at the midbody. Mutations in *mast* show severe mitotic abnormalities, including the formation of mono- and multipolar spindles organized by clusters of centrosomes ([@bib20]).

To further elucidate the function of MAST/Orbit during mitosis, we performed an in vivo analysis of mitotic progression in *mast* mutant embryos and a time course analysis of mitosis after double-stranded (ds) RNA--mediated interference (RNAi) of MAST/Orbit in *Drosophila* tissue culture cells. We found that MAST/Orbit is required for proper chromosome congression during prometaphase and for the stability of the bipolar spindle. Furthermore, we show that after depletion of MAST by dsRNAi, cells mostly organize monopolar spindles, and kinetochores fail to associate with the plus ends of microtubules. These observations suggest that MAST/Orbit has a role in microtubule--kinetochore attachment and maintenance of spindle bipolarity.

Results
=======

Characterization of mast^5^, a new hypomorphic allele
-----------------------------------------------------

We have identified and characterized a new female sterile mutant allele of MAST (*mast* ^5^) that allowed us to monitor in vivo the effects of the loss of MAST function during mitotic progression in early *Drosophila* embryos. *mast* ^5^ was obtained by imprecise excision of the P element present in *mast* ^1^ ([@bib20]) and has a partial deletion of the 5′ end of the P element and ∼1 kb of *mast* sequence upstream of the P element insertion site. Neither the upstream gene (*asparagine synthetase*) nor the *mast* sequences downstream of the insertion site are affected by the deletion ([Fig. 1](#fig1){ref-type="fig"} A). Immunoblotting analysis showed that the levels of MAST in embryos laid by *mast* ^5^ females (designated as *mast* ^5^ embryos) are significantly reduced as compared with the wild-type control ([Fig. 1](#fig1){ref-type="fig"} B).

![**Characterization of *mast*^5^.** (A) Schematic representation of the deletion (dotted line) associated with the *mast* ^5^ allele. The gray box represents the open reading frame of *mast.* (B) Western blot analysis of wild-type and *mast* ^5^ embryos. α-Tubulin levels are shown as a loading control. Wild-type (C--E) or *mast* ^5^ (F--K) embryos were immunostained to reveal the spindle and centrosomes by antibody detection of α-tubulin (green) and centrosomin (red) respectively, and DNA was counterstained with DAPI (blue). Wild-type embryos during early (C) and late (D and E) embryogenesis show well-organized bipolar spindles with centrosomes at both poles. (F) Early syncytial *mast* ^5^ embryo (eight nuclei) showing monopolar spindles. (G) *mast* ^5^ embryo showing monopolar spindles with chromosomes associated with the aster. Mutant embryos also show isolated centrosomes (arrows) and a few well-organized bipolar spindles with highly condensed chromosomes. (H) *mast* ^5^ embryo showing very short bipolar spindles and bipolar spindles with centrosomes in a single pole (arrow). (I) Postcellularized wild-type embryo showing a mitotic domain. (J) Late *mast* ^5^ embryo showing highly abnormal mitotic domains with polyploid cells containing monopolar spindles organized from clusters of centrosomes. (K) Part of a cellularized embryo with a large polyploid cell and another cell with a bipolar spindle with centrosomin staining in a single pole (arrow). Bar, 10 μm.](0201101f1){#fig1}

Immunofluorescence analysis of wild-type embryos revealed the formation of bipolar spindles with one centrosome at each pole and the chromosomes aligned in the equatorial region during metaphase at successive stages of nuclear multiplication ([Fig. 1](#fig1){ref-type="fig"}, C--E). In contrast, mutant embryos in early ([Fig. 1](#fig1){ref-type="fig"} F) or late ([Fig. 1](#fig1){ref-type="fig"}, G--K) mitotic cycles were characterized by the presence of monopolar spindles organized from one or two centrosomal foci with chromosomes dispersed within the aster ([Fig. 1, F and G](#fig1){ref-type="fig"}). Bipolar spindles and isolated centrosomes were also regularly observed ([Fig. 1](#fig1){ref-type="fig"} G), as well as short bipolar spindles with the poles close to the chromosomes ([Fig. 1](#fig1){ref-type="fig"} H). Cellularized mutant embryos were characterized by the presence of highly polyploid cells that, in mitosis, organize monopolar or bipolar spindles with centrosomes at a single pole ([Fig. 1](#fig1){ref-type="fig"}, I--K). Thus, *mast* ^5^ is a hypomorphic mutation with an embryonic phenotype very similar to the one previously described in larval neuroblasts ([@bib20]).

In vivo analysis of mitotic progression in mast^5^ mutant embryos
-----------------------------------------------------------------

To analyze the in vivo behavior of the mitotic apparatus in MAST-deficient embryos, we introduced a GFP--Polo transgene ([@bib25]) into the *mast* ^5^ line. The GFP--Polo protein is fully functional and was shown to be a good marker for centrosomes, mitotic spindle, kinetochores, and the midbody during early embryonic development. Embryos at nuclear cycle 12 laid by *gfp--polo* (control) and *gfp--polo;mast* ^5^ females were observed by time-lapse confocal microscopy. Representative frames are displayed in [Fig. 2](#fig2){ref-type="fig"} A and supplemental movies can be viewed at <http://www.jcb.org/cgi/content/full/jcb.200201101/DC1>. GFP--Polo localizes to the kinetochores at nuclear envelope breakdown (NEB), enabling us to follow chromosome movement from prometaphase onward ([Fig. 2](#fig2){ref-type="fig"} A, 0 s). In control embryos, chromosomes became rapidly associated with spindle microtubules and soon established a metaphase plate ([Fig. 2](#fig2){ref-type="fig"} A, 80--320 s). Time-lapse analysis of *mast* ^5^ embryos shows that during early stages of mitosis, the centrosomes separated as in controls and a bipolar spindle was assembled after NEB ([Fig. 2](#fig2){ref-type="fig"} A, −250--80 s). However, during prometaphase, chromosomes never reached a stable position at the equatorial region and appeared instead to drift back and forth along spindle microtubules ([Fig. 2](#fig2){ref-type="fig"} A, 80--320 s).

![**In vivo analysis of mitotic progression in early *mast*^5^ embryos.** Control and *mast* ^5^ embryos carrying the *gfp--polo* transgene were followed by confocal time-lapse microscopy. (A) Time-lapse series of GFP--Polo fluorescence images showing the organization of the mitotic apparatus during mitotic progression in control *gfp--polo* (left) and *gfp--polo; mast* ^5^ (right) embryos during cycle 12. Time is shown in seconds. Arrowheads represent the positioning of centrosomes in two sample nuclei. For discussion see text. (B) Graphic representation of kinetochore distribution on the spindle of wild type and *mast* ^5^ at metaphase. The position of centrosomes is labeled as c. (C) Quantification of changes in spindle length in wild-type and *mast* ^5^ embryos during mitosis. Measurements are from time-lapse confocal images taken every 10 s, taking the initiation of NEB as a reference point. The times corresponding to the images represented in A are indicated by an asterisk. Spindle length data correspond to the average measurement of seven nuclei in two different embryos (14 spindles in total). Error bars represent the standard deviation of the sample.](0201101f2){#fig2}

We quantified the chromosome congression defect by determining the localization of the GFP--Polo kinetochore signal in wild-type and *mast* ^5^ mutant chromosomes at the time of metaphase ([Fig. 2](#fig2){ref-type="fig"} B). By contouring, we could define the average area of the metaphase plate occupied by \>95% of the centromeres in control cells. In *mast* ^5^ embryos, only 32% of centromeres were able to cluster within an equivalent area. These data demonstrate that in the absence of MAST/Orbit, chromosomes are unable to reach a stable metaphase alignment.

To determine the effects of the *mast* ^5^ mutation on mitotic spindle dynamics, we measured the centrosome-to-centrosome distance as a function of time in control and *mast* ^5^ embryos, taking as a reference point the initiation of NEB ([Fig. 2](#fig2){ref-type="fig"} C, 0 s). Centrosomes in *mast* ^5^ embryos separated normally during prophase. However, during prometaphase, mutant embryos were unable to extend the spindle as in controls, indicating some role for MAST in spindle elongation at this stage. During metaphase in control embryos, the spindle length was initially constant and then had a slight decrease. During this stage, the spindles in *mast* ^5^ embryos started to shorten and ended up collapsing toward the equatorial region, leading to the formation of monopolar spindles ([Fig. 2](#fig2){ref-type="fig"} A, 440--850 s). These results provide in vivo evidence that MAST/Orbit is required during prometaphase for spindle elongation and becomes essential for spindle stabilization during the metaphase--anaphase transition.

Cell cycle progression after MAST RNAi
--------------------------------------

To analyze the immediate effects of MAST ablation on cell cycle progression, we performed dsRNAi in *Drosophila* S2 cells. Immunoblotting analysis showed that MAST levels decreased significantly within the first 48 h after the addition of dsRNA and the protein was barely detectable by 144 h ([Fig. 3](#fig3){ref-type="fig"} A, left). Serial dilution experiments enabled us to determine that addition of 10 μg/ml of dsRNA to 10^6^ exponentially growing S2 cells was sufficient to cause \>90% reduction in the levels of MAST after 48 h ([Fig. 3](#fig3){ref-type="fig"} A, right). To assess the effects of RNAi upon the cultured cells, samples were collected every 24 h and cell number, mitotic index, and cell viability were determined. Compared with the control population within the first 72 h, MAST RNAi caused a slight increase in the cell doubling time, from 23.6 to 27.5 h, however, between 72 and 144 h, the doubling time increased significantly, from 56.4 to 93.7 h ([Fig. 3](#fig3){ref-type="fig"} B). By 72 h of RNAi, the mitotic index increased five- to sixfold ([Fig. 3, C and F, and F](#fig3){ref-type="fig"}′). Later, the mitotic index decreased, coincident with a slowing of the growth rate ([Fig. 3, B, and C](#fig3){ref-type="fig"}). RNAi did not affect cell viability significantly, as determined by trypan blue staining of dead cells (unpublished data).

![**Time course analysis of MAST RNAi in *Drosophila* S2 cells.** (A, left) MAST inactivation was monitored over time by Western blot analysis. 10^6^ cells were loaded in each lane and α-tubulin detection was used as a loading control. (A, right) Titration of anti-MAST antibody. (B) Proliferation analysis of S2 cells after MAST RNAi. (C) Mitotic index after MAST RNAi is represented as the average percentage of mitotic cells (*n* \> 100) in the total population. (D and D′) Quantification of the mitotic parameters during the course of the experiment in control and in cells after MAST RNAi, respectively (*n* \> 100). (E and E′) Quantification of interphase parameters during the course of the experiment in control and in cells after MAST RNAi (*n* \> 250). (F and F′) Low magnification views of representative optical fields by 72 h in control and MAST RNAi cells, respectively, stained with an anti--P-histone 3 antibody to detect cells undergoing mitosis or, after 144 h (G and G′), stained for actin. Note the formation of cells with a very large (four- to fivefold) nucleus after MAST RNAi. Bar, 50 μm.](0201101f3){#fig3}

To quantify the mitotic stages after MAST RNAi, we scored MAST-negative cells (identified by immunofluorescence) that were also immunostained to visualize α-tubulin ([Fig. 3, D and D](#fig3){ref-type="fig"}′; unpublished data). The results indicate that throughout the course of the RNAi experiment, most mitotic cells (\>90%) were in a prometaphase-like stage, displaying either monopolar spindles or spindles that were bipolar with chromosomes that were not aligned at the metaphase plate. Our in vivo results in *mast* ^5^ embryos revealed that the monopolar spindle formation is likely to occur after prometaphase. Consistently, after 48 h, no cells in metaphase, anaphase, or telophase were found ([Fig. 3](#fig3){ref-type="fig"} D′). Instead, at much later times (120 h), cells in an anaphase-like ([Fig. 3](#fig3){ref-type="fig"} D′and [Fig. 4](#fig4){ref-type="fig"} E) or telophase-like configuration ([Fig. 3](#fig3){ref-type="fig"} D′ and [Fig. 4](#fig4){ref-type="fig"} G), containing clustered centrosomes at only one pole, became more frequent.

![**Organization of the mitotic apparatus after MAST RNAi.** Cells after MAST RNAi were stained with an anti-CP190 antibody to reveal the centrosomes (red), an anti--α-tubulin antibody to visualize the microtubules (green), and DAPI to counterstain the DNA (blue). (A) Normal bipolar spindle in a control cell. (B and C) Monopolar and polyploid monopolar spindles with two and at least four centrosomes, respectively, observed 72 or 96 h after MAST RNAi. Centrosome staining alone can be seen in the insertion on top right of the figures. (D) Bipolar spindle with two centrosomes (arrowheads) only in one pole. (E) Anaphase-like cell displaying a bipolar spindle with centrosomes in a single pole and chromosomes distributed in two distinct populations on each side of the spindle. Unmerged images revealing the centrosomes (E′), spindle (E′′), and chromosomes (E′′′) are shown. (F) A cell with a bipolar spindle and multiple centrosomes clustered in a single pole where the chromosomes appear distributed along the spindle. (G) Abnormal telophase-like cell showing the formation of a cleavage furrow (arrows), with centrosomes in only one pole and decondensed chromatin. Separate centrosome and DNA staining can be seen in (G′) and (G′′), respectively. Bar, 5 μm. (H and H′) Quantification of the observed spindle defects in control and MAST-depleted cells, respectively (*n* \> 100).](0201101f4){#fig4}

After 72 h of exposure to MAST dsRNA, a significant proportion of the interphase cells had a single nucleus that was substantially larger than that of control cells ([Fig. 3, E and E](#fig3){ref-type="fig"}′). Staining cells for actin and DNA indicated that after 144 h, MAST-depleted cells were up to fivefold larger in diameter when compared with control interphase cells ([Fig. 3, G and G](#fig3){ref-type="fig"}′). This indicates that after a long exposure to MAST RNAi, a significant proportion of cells becomes polyploid. A very similar phenotype was previously described for *mast* ^4^, a severe hypomorph allele ([@bib20]). The increase in ploidy and size of the MAST RNAi--treated cells does not appear to be due to prolonged mitotic arrest, because control cultures incubated for the same period in the presence of the microtubule poison colchicine arrest in mitosis, fail to show any significant increase in ploidy, and ultimately undergo massive apoptosis (unpublished data).

Organization of the mitotic apparatus in MAST RNAi--treated cells
-----------------------------------------------------------------

To characterize the organization of the mitotic apparatus after MAST RNAi, cells were collected every 24 h and immunostained to visualize the spindle (α-tubulin), centrosomes (CP190), and chromosomes (DAPI) ([Fig. 4](#fig4){ref-type="fig"}). In most control cells, the mitotic apparatus was well organized with a single centrosome at each pole ([Fig. 4, A and H](#fig4){ref-type="fig"}). During the course of the experiment, between 5 and 10% of mitotic cells of both control and RNAi-treated S2 cells had asymmetric spindles with an irregular centrosome number at each pole ([Fig. 4, H and H](#fig4){ref-type="fig"}′, bipolar asymmetric). However, after a 48-h exposure of cells to dsRNA, there was a large increase in the frequency of cells with monopolar spindles, and no cells in metaphase, anaphase, or telophase were found ([Fig. 3](#fig3){ref-type="fig"} D′). This phenotype was maximal at 72 h ([Fig. 4, B and H](#fig4){ref-type="fig"}′). After 96 h, two different prometaphase-like cell populations were observed. About half appeared polyploid with a monopolar spindle surrounding a cluster of several centrosomes (≥4) ([Fig. 4, C and H](#fig4){ref-type="fig"}′). However, nearly 20% showed a bipolar array of microtubules with centrosomes at only one pole ([Fig. 4, D and H](#fig4){ref-type="fig"}′, bipolar acentrosomal). Other cells adopted an anaphase-like configuration with a distinct set of chromosomes near each pole ([Fig. 4](#fig4){ref-type="fig"}, E--E′′′, and [Fig. 3](#fig3){ref-type="fig"} D′, after 120 h). At even later time points in the RNAi experiment ([Fig. 3](#fig3){ref-type="fig"} D′, 144 h), a small percentage of cells (3%) were in a telophase-like state with an organized central spindle structure and decondensed chromatin with no or very reduced immunostaining with antiphosphohistone H3 antibody ([Fig. 4](#fig4){ref-type="fig"}, G--G′′; unpublished data). Interestingly, the centrosomes in these cells were found clustered at a single pole. Further characterization of these abnormal forms of mitotic exit is currently under study (unpublished data).

Characterization of chromosome behavior after MAST RNAi
-------------------------------------------------------

To determine whether sister chromatids had separated in MAST-depleted cells, we performed immunofluorescence analysis to localize the kinetochore markers BubR1 (unpublished data) and Cid, the *Drosophila* CENP-A homologue ([@bib13]). In control cells ([Fig. 5](#fig5){ref-type="fig"} A), BubR1 staining on kinetochores was maximal during prometaphase. As cells progressed into metaphase and the chromosomes aligned at the metaphase plate, BubR1 intensity decreased and was barely detected after anaphase onset ([Fig. 5, A and C](#fig5){ref-type="fig"}). After RNAi, BubR1 was localized on kinetochores of anaphase-like cells ([Fig. 5](#fig5){ref-type="fig"}, B--B′′′) as well as in cells with monopolar spindles ([Fig. 5, D and D](#fig5){ref-type="fig"}′). BubR1 was present on all chromosomes and stained kinetochore pairs almost as intensively as in control prometaphase cells, clearly indicating that sister chromatids did not disjoin before migrating to the poles ([Fig. 5](#fig5){ref-type="fig"}, B--C; unpublished data). Identical results were obtained when either anaphase-like or monopolar cells were stained with anti-Cid antibodies ([Fig. 5](#fig5){ref-type="fig"}, E--E′′, and [Fig. 6](#fig6){ref-type="fig"}). These results indicate that chromosomes failed to undergo sister chromatid separation even in cells that displayed an anaphase-like configuration.

![**Sister chromatid separation in cells after MAST RNAi.** (A--C) Samples were collected between 96 and 144 h after MAST RNAi and processed for immunofluorescence analysis with anti-BubR1 and anti-Cid antibodies as markers for kinetochores (red). Microtubules were stained with an anti--α-tubulin antibody (green), and chromosomes were counterstained with DAPI (blue). (A) Control cells in the same optical field undergoing prometaphase (pm), metaphase (m), and anaphase (a). (B) Anaphase-like cells after MAST RNAi showing very strong BubR1 staining at both kinetochores of each chromosome (arrow; 3× amplified insert), confirming that sister chromatid separation has not taken place. Unmerged images showing the mitotic spindle (B′), chromosomes (B′′), and BubR1 (B′′′) can be seen separately. (C) Quantification of normalized BubR1 pixel intensity in the control cells shown in A and the anaphase-like cell shown in B. (D and D′) Cell after MAST RNAi, showing the monopolar spindle organization with very strong BuBR1 staining at kinetochore pairs. (E--E′′) Cid staining on anaphase-like cells revealed that \>90% of these cells (*n* = 20) show an unequal number of chromosomes in each pole that seem to interact laterally with the spindle microtubules. Bars, 5 μm.](0201101f5){#fig5}

![**Analysis of kinetochore-- microtubule attachment in MAST- depleted cells.** Control cells (A--B\') as well as MAST-depleted cells by RNAi (C--H\') were stained with antibodies against Cid (red) and α-tubulin (green) and counterstained with DAPI to reveal the DNA (blue). (A and A\') Control cell in metaphase showing that all the kinetochores are end-on attached to microtubules. (B and B\') Control cell in metaphase that was pretreated with calcium before fixation, showing that the kinetochore microtubules were selectively preserved. (C--D′) Cells with bipolar spindles after MAST RNAi with misaligned chromosomes without (C and C′) or with (D and D′) a pretreatment with calcium. (E-E\' and F-F\') Cells with monopolar spindles after MAST RNAi with or without a pretreatment with calcium, respectively, showing chromosomes buried close to the center of the aster, and the kinetochores cannot be found associated with microtubule plus ends. (G--H\') Treatment of MAST- depleted cells with taxol leads chromosomes to be organized at the periphery of the aster clearly associated with microtubule plus ends. Insertions inside panels represent the selected area in the cells that was magnified twice. Bars, 5 μm.](0201101f6){#fig6}

Characterization of microtubule--kinetochore attachment after MAST RNAi
-----------------------------------------------------------------------

To determine whether spindle microtubules in MAST-depleted cells are able to establish stable end-on interactions with kinetochores, RNAi-treated cells were immunostained for tubulin and the kinetochore marker Cid, with or without a preincubation in a buffer containing calcium, to selectively dissociate nonkinetochore microtubules ([@bib24]; [@bib17]), or taxol, to promote microtubule stabilization ([Fig. 6](#fig6){ref-type="fig"}). Consistent with published observations, in the presence of calcium, most kinetochores were clearly seen to associate specifically with the ends of microtubule bundles ([Fig. 6](#fig6){ref-type="fig"}, A--B′). However, in MAST-depleted bipolar prometaphase cells, kinetochores were distributed along the spindle ([Fig. 6](#fig6){ref-type="fig"}, C--D′) and never organized a metaphase plate. In MAST-depleted cells with monopolar spindles, chromosomes were mostly buried within the aster, and kinetochores either did not associate with the plus ends of microtubules or appear to bind short microtubules ([Fig. 6](#fig6){ref-type="fig"}, E--F′ and I). However, if RNAi-treated cells were incubated for 30 min with taxol, 75% of kinetochore pairs were associated with the plus ends of long microtubule bundles ([Fig. 6](#fig6){ref-type="fig"}, G--H′). Furthermore, the distribution of chromosomes relative to the aster was significantly different in the presence of taxol, with chromosomes localized at the periphery and most kinetochores facing the center ([Fig. 6](#fig6){ref-type="fig"}, compare E--F′ with G--H′). These data show that if microtubule dynamics are suppressed in MAST-depleted cells, long microtubule bundles are formed with kinetochores associated at their plus ends.

Ultrastructural analysis of MAST-depleted S2 cells
--------------------------------------------------

To analyze in more detail the organization of the mitotic apparatus and the attachment of chromosomes to the spindle after depletion of MAST, RNAi-treated cells were processed for transmission electron microscopy ([Fig. 7](#fig7){ref-type="fig"}). In control mitotic cells, we could observe bipolar spindles organized from well-defined centrosomes ([Fig. 7, A](#fig7){ref-type="fig"} and A2). In these cells, bundles of microtubules were visible running from the spindle pole and making contact with individual chromosomes at the kinetochore (Fig. 7, A[1](#fig1){ref-type="fig"} and A1′). However, in MAST-depleted cells that showed a monopolar organization ([Fig. 7, B and C](#fig7){ref-type="fig"}), we found no evidence of microtubule bundling, and chromosomes were located close to the center of the aster where multiple centrioles could be found ([Fig. 7](#fig7){ref-type="fig"} B). A higher magnification view of a cell with a monopolar spindle shows chromosomes on the same plane of individual microtubules, suggesting that lateral interactions take place ([Fig. 7](#fig7){ref-type="fig"} C). These results are consistent and further support the observations that depletion of MAST/Orbit perturbs the interaction between kinetochores and the plus ends of spindle microtubules.

![**Ultrastructural analysis of S2 cells after MAST RNAi.** (A) Control cell showing a bipolar spindle with bundles of microtubules organized from the centrosomes. (A1) Higher magnification of chromosomes being captured by bundles of microtubules in a region that corresponds to the kinetochore (A1′, arrowhead). (A2) Higher magnification of one of the centrioles. (B) Top view of a MAST-depleted cell after RNAi showing a monopolar spindle with chromosomes very close to the center of the aster where three centrioles can be seen. (C) Side view of another MAST-depleted cell showing a monopolar aster where individual microtubules can be seen on the same plane of the chromosomes, suggesting lateral interactions. Bars, 2 μm.](0201101f7){#fig7}

Distribution of ZW10, dynein, and D-CLIP-190 in the absence of MAST
-------------------------------------------------------------------

To further ascertain whether the interactions between kinetochores and microtubules are altered after MAST RNAi, we analyzed the distribution of ZW10 and dynein, two proteins that localize to kinetochores early in mitosis and are transferred to spindle microtubules after kinetochore attachment ([@bib41]; [@bib18]). The results show that in control cells ([Fig. 8](#fig8){ref-type="fig"}, A--B′), ZW10 was localized to kinetochores of mono-oriented chromosomes during prometaphase and extended along the spindle microtubules at metaphase, whereas, after RNAi treatment, it was always found associated with the kinetochores in cells with both monopolar and bipolar spindles ([Fig. 8](#fig8){ref-type="fig"}, C--D′). Similarly, in control cells, dynein showed accumulation in kinetochores of mono-oriented chromosomes during prometaphase ([Fig. 8](#fig8){ref-type="fig"} E) and there was little or no staining at metaphase ([Fig. 8](#fig8){ref-type="fig"} F), whereas, in RNAi-treated cells, dynein was always found associated with kinetochores ([Fig. 8, G and G](#fig8){ref-type="fig"}′). We have also analyzed the distribution of D-CLIP-190 ([@bib19]), the *Drosophila* homologue of CLIP-170, a protein that has been shown to bind CLASPs ([@bib2]), the human homologues of MAST. D-CLIP-190 was found associated with kinetochores of prometaphase chromosomes ([Fig. 8, H and H](#fig8){ref-type="fig"}′), but at metaphase, we found the staining dispersed over the spindle region ([Fig. 8, I and I](#fig8){ref-type="fig"}′). After RNAi, monopolar cells showed D-CLIP-190 staining mostly associated with kinetochore pairs, although some punctate staining was also visible in the area of microtubules ([Fig. 8, J and J](#fig8){ref-type="fig"}′). These results show that after depletion of MAST, ZW10 and dynein were retained at the kinetochores. Furthermore, the data also show that the kinetochore localization of D-CLIP-190 was not dependent upon the presence of MAST/Orbit.

![**Immunolocalization of kinetochore-associated proteins in the absence of MAST.** (A--B\', E, F, and H--I\') Untreated control cells or (C--D′, G, G′, J, and J′) cells 72 h after MAST RNAi, were stained (red) with anti-ZW10, anti-dynein, and anti--D-CLIP-190 antibodies. α-Tubulin (green) and DNA (blue) are also shown when possible. (A, A′, E, H, and H′) Cells in prometaphase with mono-oriented chromosomes showing kinetochore-associated ZW10, dynein, and D-CLIP-190 (arrows). (B, B′, F, I, and I′) During metaphase, when all the chromosomes become bioriented, ZW10 transfers to the kinetochore microtubules (arrowheads), and dynein and D-CLIP-190 are barely detectable at the kinetochores. (C and C′) Cells with monopolar or (D and D′) bipolar spindles with misaligned chromosomes showing strong staining of ZW10 at kinetochores. Insertions in panels C′ and D′ show ZW10 staining alone. In cells with monopolar spindles, after MAST RNAi, dynein (G and G′) and D-CLIP-190 (J and J′) show strong accumulation at kinetochores. Insertions in panels H′ and J′ show magnified views of the chromosomes indicated by the arrows. Bar, 5 μm.](0201101f8){#fig8}

Discussion
==========

Possible roles for MAST/Orbit in microtubule--kinetochore attachment
--------------------------------------------------------------------

The studies reported here provide strong evidence suggesting that MAST/Orbit is required for microtubule plus ends to establish a functional attachment to kinetochores. In the absence of MAST/Orbit, chromosome congression does not take place and kinetochores either do not show a clear end-on attachment or appear to bind through lateral interactions. Most surprising is the monopolar configuration in MAST-depleted cells where we find chromosomes mostly localized close to the center of the aster. If, in MAST-depleted cells, the microtubule--kinetochore interaction is compromised, it would be expected that the action of chromokinesins and even passive impacts by elongating microtubules would push the chromosomes to the periphery of the asters (the "polar wind"). This suggests that the localization of chromosomes to the interior of asters is likely to involve an active, rather than a passive, process that can be explained by at least three different models. MAST/Orbit could be required for kinetochores to hold on to dynamic microtubules. If it were true that in cells lacking MAST/Orbit, kinetochores could not hold onto shortening microtubules, then every time a kinetochore fiber would begin to shorten, it would be released by its kinetochore. That kinetochore would then have to make an initial encounter with microtubules all over again through lateral interactions that could be mediated by cytoplasmic dynein, as it is during prometaphase, and the chromosome would be expected to exhibit rapid poleward movement ([@bib33]). Consistent with this model, levels of kinetochore-associated dynein and ZW10 remained abnormally elevated in the absence of MAST. A second interpretation of these results is that in the absence of MAST/Orbit, chromosomes attach to microtubules that can shorten but cannot regrow so that chromosomes would end up mostly in the region close to the center of the aster, suggesting that MAST/Orbit could have a role in promoting microtubule plus end stability. Indeed, the human homologues, CLASPs, have been shown to promote plus end microtubule stabilization in interphase ([@bib2]). However, MAST/Orbit does not appear to affect the ability of all microtubules to elongate, because in MAST-depleted cells, there is no obvious effect upon growth of astral microtubules. Therefore, if MAST/Orbit has a role in microtubule dynamics, kinetochore microtubules are particularly sensitive. Finally, it is also possible that in MAST-depleted cells, kinetochores attach to microtubules, but minus end--directed motility of the kinetochore dominates so that the movement of chromosomes toward the poles prevails over the polar wind, pushing the chromosomes toward the plus ends of microtubules. It could be that kinetochore-associated MAST ([@bib20]) is required for the binding of essential kinesins with plus end--directed motility. A putative candidate could be CENP-E, a plus end--directed motor ([@bib42]) that has been shown to localize to the fibrous corona of the kinetochore ([@bib5]) and be required for stable, bioriented attachment of chromosomes to spindle microtubules ([@bib43]). Surprisingly, depletion of CENP-E by microinjection also causes misaligned chromosomes to be sequestered very close to the spindle poles ([@bib22]).

Although, at present, the data presented here does not allow us to clearly distinguish amongst these interpretations, we favor the first two models because they could readily explain the results obtained after taxol treatment of MAST-depleted cells. Suppressing microtubule dynamics after depletion of MAST/Orbit causes the formation of monopolar cells, with most kinetochores associated to the plus ends of microtubule bundles. MAST/Orbit could be part of a protein complex required to hold on to the plus ends of dynamic microtubules. Alternatively, MAST/Orbit could be required for microtubule plus end stabilization. Thus, in the absence of MAST/Orbit, kinetochores attach to microtubules, and facilitating their stabilization could allow the formation of a kinetochore fiber and its growth. Consistent with this interpretation, it has been shown that the fission yeast orthologue of CLIP-170, tip1p, is an anticatastrophe factor ([@bib3]). Thus, it is possible that the defects we observed after loss or mutation of MAST could be due to an effect on D-CLIP-190 (the *Drosophila* homologue of mammalian CLIP-170). However, we have shown here that the localization of D-CLIP-190 to kinetochores is normal in the absence of MAST. Nevertheless, we cannot exclude that MAST could have a dual role affecting both kinetochore attachment and microtubule stability, as has been recently described for Bik1, the budding yeast homologue of CLIP-170 ([@bib21]).

MAST function is required to maintain spindle bipolarity
--------------------------------------------------------

In vivo analysis of *mast* ^5^ mutant embryos demonstrates that MAST becomes essential for the maintenance of a bipolar spindle during metaphase; in its absence, the spindle collapses and centrosomes slide toward the metaphase plate forming monopolar spindles. STU1p, the putative MAST orthologue in *S. cerevisiae*, is also essential for spindle stability ([@bib29]). It is now well accepted that a balance between plus end-- and minus end--directed motors is essential for the maintenance of a bipolar spindle through metaphase and also for its elongation during anaphase ([@bib37]). This has been best studied in *S. cerevisiae*, where imbalances between the Cin8p/Kip1p and Kar3p kinesins cause rapid collapse of the bipolar spindle ([@bib35]). Thus, it is possible that MAST is required for the stable association of one or more kinesins with the microtubules and that in the absence of this kinesin, the balance of power is perturbed at metaphase. Indeed, the collapse of the spindle seen after depletion of MAST is very similar to the effect caused by depletion of the *Drosophila* bipolar kinesin-like KLP61F ([@bib12], [@bib37]). The presence of MAST in the midzone ([@bib20]) suggests that MAST may also be acting by cross-linking interpolar microtubules and so stabilizing the spindle. It is also possible that depletion of MAST perturbs the distribution or function of other MAPs that are required for formation of a functional bipolar spindle. These could include the chromosomal passengers INCENP and aurora-B ([@bib1]; [@bib8]). In fact, we did observe aberrant behavior of these proteins in anaphase-like cells after depletion of MAST by dsRNAi (unpublished data).

MAST-depleted cells show abnormal mitotic exit
----------------------------------------------

Although depletion of MAST function by dsRNAi causes most cells to arrest in mitosis with monopolar spindles, after long incubation periods, a proportion of cells is seen to adopt an anaphase-like configuration with paired sister chromatids migrating to the poles. These cells are cyclin B positive (unpublished data), retain BubR1 at the kinetochores, and also appear to undergo cytokinesis with an actin contractile ring (unpublished data). A large proportion of these cells progress into further cycles of DNA replication and become polyploid. Because S2 cells have a functional spindle checkpoint, as shown by their ability to arrest in mitosis in the presence of colchicine and also by their initial accumulation in mitosis after MAST depletion, we believe it is likely that MAST-depleted cells bypass the checkpoint and exit mitosis. Further characterization of this abnormal mitotic exit in MAST-depleted cells is currently underway, and the results will be published elsewhere (unpublished data).

Materials and methods
=====================

DsRNAi in *Drosophila* S2 cells
-------------------------------

For MAST RNAi in *Drosophila* S2 cells, we synthesized a fragment of ∼700 bp of dsRNA corresponding to the 5′ region of *mast* cDNA covering the ATG encoding the first methionine as previously described ([@bib4]), except that 10 μg of dsRNA per ml of culture medium was used. Treatment of S2 cells with dsRNA synthesized from random human intronic sequence, to rule out unspecific effects of dsRNA, caused no visible defects and was indistinguishable from the untreated control.

Cell culture, immunofluorescence, and Western blot analysis
-----------------------------------------------------------

For immunofluorescence, cells were grown and processed as previously described ([@bib1]), except for those that were pretreated with calcium ([@bib17]). Anti-MAST antibody and Western blot analysis were described previously ([@bib20]). Other antibodies used were mouse or rabbit anti-CP190 ([@bib40]); mouse anti--α-tubulin and anti--γ-tubulin (Sigma-Aldrich); rabbit or mouse anti--phosphorylated-H3 (Upstate Biotechnology and New England Biolabs, Inc.); rabbit anti-Cid ([@bib13]); rabbit anti-BubR1 (C. Lopes and H. Bousbaa, University of Porto); rabbit anti-ZW10 ([@bib41]); mouse anti-dynein ([@bib23]); and affinity-purified rabbit anti--D-CLIP-190 ([@bib19]). FITC-phalloidin (Molecular Probes) was used to detect actin. Secondary antibodies for immunofluorescence were FITC--α-rabbit or Texas red--α-mouse (Jackson ImmunoResearch Laboratories). Quantitative three-dimensional datasets of representative cells were collected using a DeltaVision microscope (Applied Precision), based on an Olympus IX-70 inverted microscope with a Photometrics CH350L cooled CCD camera, and subsequently deconvolved and projected onto a single plane using SoftWorx (Applied Precision), except for low magnification images shown in [Fig. 3](#fig3){ref-type="fig"}. Adobe Photoshop^®^ 5.5 (Adobe Systems, Inc.) was used to process all images.

Transmission electron microscopy
--------------------------------

Control and MAST-depleted cells were collected 72 h after RNAi and embedded for sectioning as described previously ([@bib32]), with the exception that Agar 100 resin was used. Serial sections were cut on a Leica Ultracut UCT ultramicrotome and collected on 100 mesh copper grids. Sectioned cells were stained with 4% aqueous uranyl acetate for 1 h in the dark and then left for 10 min in lead citrate in a CO~2~-free atmosphere. Samples were observed with a Philips CM 120 Biotwin using Eastman Kodak Co. SO 163 electron image film.

Scoring of MAST RNAi phenotype
------------------------------

The growth curves were plotted considering only viable cells stained with Trypan blue (Sigma-Aldrich), and doubling time was calculated from the equations corresponding to the best fit. Mitotic index was determined as the percentage of mitotic cells in the total population. Only MAST-negative cells were scored for mitotic parameters in the RNAi experiments. Spindle defects were scored as a percentage of mitotic cells and were confirmed independently in three distinct experiments either by γ-tubulin or CP190 staining in MAST-negative cells. Quantification of microtubule--kinetochore attachment was performed by detection of Cid, used as a kinetochore marker, at the tips of microtubules in five distinct monopolar cells. Taxol was used at 10 μM during the 30 min before fixation to allow for the stabilization of spindle microtubules.

Mobilization of the P element in mast^1^ and generation of mast^5^
------------------------------------------------------------------

The *mast* ^5^ allele was obtained from the same P element mobilization program described previously ([@bib20]), and molecular characterization was done by Southern blot analysis. *mast* ^5^ homozygous females lay eggs that die during embryogenesis when crossed to either *mast* ^5^ or wild-type males. Complementation analysis with other *mast* mutant alleles, including *orbit* ^1^, or a deletion (Df(3L) 31A) that uncovers the *mast* region results in a similar mutant phenotype to that observed in homozygous *mast* ^5^ embryos.

Immunofluorescence in embryos
-----------------------------

The embryos were prepared for immunostaining as previously described ([@bib10]). Immunostaining of microtubules and centrosomes was performed with antibodies against α-tubulin (Amersham Pharmacia Biotech) and centrosomin ([@bib14]). Primary antibodies were detected with FITC--α-mouse (Vector Laboratories) or CY3--α-rabbit (Jackson ImmunoResearch Laboratories) conjugated immunoglobulins. The preparations were visualized in a ZEISS Axioskop microscope, and images were acquired with a SPOT2 camera (Diagnostic Instruments) and processed with Adobe Photoshop^®^ 5.5.

Live analysis of *gfp--polo; mast^5^* embryos
---------------------------------------------

The *gfp--polo* transgene was introduced in the *mast* ^5^ strain to obtain the strain *w; P\[gfp-polo\]; mast* ^5^/TM6B. *gfp--polo*;*mast* ^5^ embryos were hand dechorionated and mounted in oil holocarbon 700 (Sigma-Aldrich). Images were collected with a Bio-Rad Laboratories MRC600 confocal microscope at 10-s intervals using Comos software (Bio-Rad Laboratories). Image stack processing and animation, as well as measurement of spindle length, were done with ImageJ (<http://rsb.info.nih.gov/ij/>). Quantification of chromosome congression was performed by determining the relative coordinates of the kinetochore GFP--Polo signal relative to two imaginary axes, one running between the center of the centrosomes and the other drawn perpendicular to the first at the midpoint. To compare measurements from different dividing nuclei, the centrosome-to-centrosome length was normalized to two arbitrary units. A total of 132 kinetochore pairs from 20 dividing nuclei of two separate experiments were scored.

Online supplemental material
----------------------------

Quicktime^TM^ videos associated with [Fig. 2](#fig2){ref-type="fig"} are provided as supplemental material and can be viewed at <http://www.jcb.org/cgi/content/full/jcb.200201101/DC1>. The movies show the organization of the mitotic apparatus visualized by GFP--Polo during mitotic progression in control *gfp--polo* (Video 1) and mutant *gfp--polo; mast* ^5^ (Video 2) embryos during cycle 12.
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